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Abstract
S-adenosylhomocysteine hydrolase (SAHH) is the only enzyme known to cleave S-adenosylhomocysteine (SAH), a product and an
inhibitor of all S-adenosylmethionine-dependent transmethylation reactions. Xenopus SAHH is a nuclear enzyme in transcriptionally active
cells and inhibition of xSAHH prevents cap methylation of hnRNA [Mol. Biol. Cell 10 (1999) 4283]. Here, we demonstrate that inhibition of
xSAHH in Xenopus XTC cells results in a cytoplasmic accumulation of the shuttling hnRNPs, while xSAHH itself remains in the nucleus.
The functional link between xSAHH and mRNA cap methylation is further supported by a physical association between xSAHH and
mRNA(guanine-7-)methyltransferase (CMT). We show by co-immunoprecipitation of tagged proteins that both enzymes interact in vivo.
Direct interaction in vitro is shown by pull-down experiments that further demonstrate that the N-terminal 55 amino acids of xSAHH are
sufficient for binding to CMT. Since CMT is known to bind to the hyperphoshorylated C-terminal domain (CTD) of its large subunit of RNA
polymerase II, we have studied the co-localisation of RNA polymerase II and xSAHH in oocyte nuclei. Immunolocalisation on spreads of
lampbrush chromosomes shows xSAHH on the loops of the transcriptionally active lampbrush chromosomes, in Cajal bodies and in B-
snurposomes, the nuclear compartments that are most likely engaged in storage and recycling of RNA polymerase II and its cofactors. We
therefore suggest that a subfraction of the nuclear xSAHH remains associated with the RNA polymerase holoenzyme complexes, also while
these are not actively engaged in transcription. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
S-adenosylhomocysteine hydrolase (SAHH, EC 3.3.1.1)
is the only enzyme known in vertebrates that catalyses the
reversible hydrolysis of S-adenosylhomocysteine (SAH), a
by-product and an inhibitor of all S-adenosylmethionine-
dependent methylation reactions in the cell [2]. Vertebrate
SAHH consists of four subunits of about 46 kDa. Two
closely related isoforms, xSAHH1 and 2, are found in
Xenopus laevis, most probably as a consequence of the
pseudotetraploid genome of this species [1]. For the purpose
of this communication, we address both isoforms collec-
tively as xSAHH because it is plausible that they are
functionally equivalent. The cDNA-derived sequences of
this highly conserved protein have been published from
more than 30 different species, from bacteria to plants and
mammals (see Ref. [3], for a recent review) and the crystal
structures of SAHH from rat liver and from human placenta
have been solved [3–6]. Specific inhibitors of SAHH are of
great medical interest because of their antiviral action [3,7].
The function of the enzyme is indispensable for develop-
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ment since knock-out mice lacking SAHH die in early
embryogenesis [8]; however, the exact cause of embryonic
death is still unclear. Although SAM-dependent methylation
reactions are likely to occur in all cellular compartments,
SAHH has generally been regarded as a cytosolic enzyme
[5] because it is present as a high-affinity cytoplasmic
adenosine binding protein [9], which is abundant in the rat
kidney [10].
Immunohistology revealed that Xenopus SAHH was
highly concentrated in the nuclei of transcriptionally
active cells. Since no bona fide nuclear localisation signal
(NLS) was found in the primary amino acid sequence of
xSAHH, we investigated the requirements for its nuclear
transport. The N-terminal 21 amino acids appear to be
necessary but not sufficient for nuclear translocation of
xSAHH in transfected Xenopus cells [1]. In Xenopus
oocytes, the concentration of xSAHH found in the
nucleus is about 10-fold higher than in the cytoplasm
[11]. In Xenopus A6 cells, the amount of nuclear SAHH
antigen varies during the cell cycle and is low during S-
phase [1]. In differentiated cells of Xenopus, nuclear
localisation of xSAHH correlates with high transcriptional
activity [12,13]. We have shown that specific inhibitors of
SAHH interfered with pre-mRNA methylation and syn-
thesis in tissue culture cells, most plausibly because the
presence of SAHH in the nucleus facilitates hnRNA cap
methylation [1]. Previously, inhibition of RNA polymer-
ase II but not polymerase III by SAH was shown in
lysates of HeLa cells [14]. The mRNA(guanine-7-)meth-
yltransferase (mRNA cap methyltransferase; CMT) catal-
yses the third step of cotranscriptional cap methylation
and like the capping enzyme triphosphatase and guany-
lyltransferase, CMT binds to the hyperphosphorylated
form of the heptapeptide repeat in the C-terminal domain
(CTD) of the large subunit of RNA polymerase II in vitro
[15]. Phosporylation on serine 5 of the heptapeptide, most
likely by the protein kinase kin28, a component of the
TFIIH [16] is required for assembly of capping enzymes
and CMT in vivo [17,18].
To further elucidate the relationship between SAHH, cap
methylation, and transcriptional activity we have investi-
gated whether there is a physical interaction between SAHH
and CMT. Recently, a CMT expressed in oocytes and
embryos of X. laevis was identified by cDNA cloning and
named xCMT1 [19] because of its similarity to the human
CMT1a [20]. We have used co-immunoprecipitation and
GST-pull-down experiments to demonstrate that xCMT1
associates to xSAHH.
A recent model suggests the preassembly of RNA
polymerase II transcriptosomes in Cajal bodies [21–23].
Complexes containing RNA polymerase II are found in
B-snurposomes which frequently localise to lampbrush
chromosomes and to Cajal bodies (also named coiled
bodies, or spheres in amphibian oocytes). We have also
performed immunohistological co-localisation studies on
subnuclear particles of the oocyte, a procedure facilitated
by the fact that amphibian oocytes contain about 100
Cajal bodies per nucleus which exceed those of somatic
cells by a factor of 10–20 in size. Using immunodetection
on spreads of oocyte nuclear contents, we can demonstrate
an association of xSAHH with the RNA polymerase II
transcriptosome.
2. Materials and methods
2.1. Cell culture
A6 (Xenopus kidney epithelium cells; ATCC No. CCL
102) and XTC (Xenopus tadpole cells; [24] cell lines were
cultured as previously described [1].
2.2. Construction of plasmids
For transfection experiments, a myc-tagged form of
xSAHH was generated by subcloning an EcoRI/XhoI frag-
ment of the xSAHH2 cDNA (GenBank Accession number,
AJ007835), containing the complete open reading frame,
into the pCS2 +mt vector [25,26]. For GST-xSAHH, the
2068 bp EcoRI(refilled)/XhoI fragment of pCS2 + mt-
xSAHH was subcloned into EcoRI(refilled)/XhoI digested
pGEX-KG [27] to construct pGEX-xSAHH. For expression
of GST-xSAHH-1–54, pGEX-xSAHH was digested with
NdeI/XhoI, refilled and religated. For pGEX-xSAHHD1–
55, pGEX-xSAHH was digested with NdeI/BamHI, refilled
and religated. The isolation of a cDNA encoding xCMT1
was described previously [19]. pCS3 +mt-xCMT1 was
produced by cloning a BamH1/SalI fragment from
pQE32xCMT1 into pCS3 +mt cut with BglII and XhoI.
For cloning of pCS2N-flagxCMT1, a 1220 bp fragment
containing the complete ORF of pBS2xCMT1 was ampli-
fied by PCR using primers 5V-ataggatcCCATGTATT-
GAACCCTG-3Vand 5V-acgaATTCTCTGAACGA-
AGTTTCG-3V, and cloned into N-flagpCS2 cut with BamHI
and EcoRI.
2.3. Transient transfection
A6 cells were cultured in 14-cm tissue culture plates to
subconfluent density. Subsequently, the medium was
replaced by serum-free medium (OptiMEM, Life Technol-
ogies) before transfection with 10 Ag DNA and 30 Al of
lipid transfection agents (LipofectAmin, Life Technologies)
per plate in 10 ml serum-free medium. After 12 h, cultures
were washed and incubated in medium containing 10% FCS
for 72–96 h.
Alternatively, 38 Al of Fugene 6 (Boehringer, Mannheim,
FRG) in 1.2 ml DMEM without FCS were mixed with 12
Ag of DNA (6 Ag each of pCS2-mt-SAHH and pCS3-ft-
CMT), incubated for 20 min at RT and added dropwise to
subconfluent A6 cells in 20 ml of complete medium. Cells
were used 96 h after transfection.
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2.4. Cross-linking of antibodies to protein G Sepharose
All steps were performed at RT. Two milliliters of anti-
myc-tag hybridoma culture supernatant (Clone 9E10)
diluted with an equal amount of 0.05 M sodium borate
(Na2B4O7 10 H2O, pH 8.2) was incubated for 1 h with 1
ml protein G Sepharose (fast flow, Pharmacia), centrifuged
at 3000 g for 5 min and washed twice with 0.2 M TEA
(triethanolamine, pH 8.2). Subsequently, 2 ml of 25 mM
dimethyl pimelimidate (Pierce, Rockford, IL) in TEA was
added for cross-linking for 1 h with constant rotation. The
cross-linked protein G Sepharose beads were collected by
centrifugation at 3000 g for 5 min and washed once with
TEA and once with 0.1 M ethanolamine (EA, pH 8.2) and
the reaction was stopped by incubation for 30 min with 2 ml
EA. Precipitated beads (3000 g, 5 min) were blocked with
0.1 m glycine, pH 2.8 for 10 min, washed twice with 0.05 M
sodium borate and stored at 4 jC in the dark. Similarly, 200
Ag anti-flag-IgG1 (mAB M2; Sigma) was coupled to 0.5 ml
of protein G Sepharose.
2.5. Immunoprecipitation
All steps were performed at 4 jC. A6 cells scraped
into amphibian PBS from 14.5-cm tissue culture plates
were centrifuged and resuspended in 1 ml immunopreci-
pitation buffer (IPB; 9.6 mM Na2HPO4 (pH 7.4), 87 mM
sodium acetate, 26 mM KCl, 0.87 mM MgCl2, 1.0 mM
dithiothreitol, 0.2 mM phenylmethylsulfonylfluride, 10 Ag/
ml each of leupeptin, pepstatin, trasylol, 0.1% BSA, and
0.05% Tween 20) and lysed by sonication. Extracts were
precleared with 50 Al of protein G Sepharose for 2 h with
constant rotation followed by 5 min centrifugation at
16,000 g. The supernatant was incubated with 50 Al
anti-myc-tag or anti-flag antibody cross-linked to protein
G Sepharose and incubated for 2 h with constant rotation.
Immune complexes bound to protein G Sepharose were
centrifuged at 2300 g for 5 min and washed two times
with IPB. To remove any precipitated proteins, the
Sepharose beads were suspended in 500 Al IPB and
centrifuged (1 min, 16,000 g) through a layer of 500
Al 45% sucrose followed by two additional washing steps
with IPB. Bound proteins were eluted with 50 Al of 2
SDS-PAGE loading buffer (0.125 M Tris–HCl (pH 6.8)
4% SDS, 20% v/v glycerol, 10% v/v h-mercaptoethanol,
0.02% bromophenol blue), and analyzed on a 5–15%
gradient SDS-polyacrylamide gel followed by Western
blotting.
2.6. GST pull-down assay
2.6.1. Expression and purification of recombinant proteins
To express GST and GST fusion proteins, single colo-
nies of Escherichia coli strain BL21, transformed with
appropriate pGEX-KG plasmids, were grown in 3 ml
Luria–Bertani medium (LB) containing 100 Ag/ml ampi-
cillin at 37 jC for 9 h. Afterwards, the bacteria were
diluted 1:100 in LB containing 100 Ag/ml ampicillin and
2% ethanol. Expression was induced by the addition of 0.1
mM isopropyl-D-thiogalactopyranoside and incubation con-
tinued for 14 h at 20 jC. Cells were harvested by
centrifugation (2000 g) and resuspended in NETN buffer
(100 mM NaCl, 1 mM EDTA, 20 mM Tris–HCl, pH 7.5,
0.5% NP-40, containing 0.2 mM PMSF, 1 mM DTT), and
protease inhibitors (10 Ag/ml each of aprotinin, leupeptin,
and pepstatin), using 1:20 volume of the original cell
culture. After three freeze–thaw cycles, cells were lysed
by sonication (by three times 10 s). Insoluble fusion
proteins were partially solubilized by the addition of an
equal volume of urea buffer (6 M urea, 25 mM Tris, 192
mM glycine, 0.25% SDS) and incubated for 10 min at
20 jC. The extract was clarified by centrifugation (10 min,
16,000 g, 4 jC), and brought to a final concentration of
2 M urea by addition of NETN containing 0.1% BSA.
Fifty microliters of glutathione-Sepharose (Pharmacia) was
added to the extract and incubated for 60–120 min at
4 jC. The protein-loaded Sepharose was washed exten-
sively with NETN, equilibrated with IPB and incubated for
at least 2 h at 4 jC, either with GSH-Sepharose precleared
cell extract, or with proteins translated in vitro using the
TNT system (Promega). Protein complexes on beads were
centrifuged at 2300 g for 5 min and washed extensively
with IPB. Bound proteins were eluted with 2 SDS-
PAGE loading buffer and analyzed on a 10% SDS-poly-
acrylamide gel followed by Coomassie brilliant blue stain-
ing to quantitate GST and GST fusion proteins and
Western blotting to detect mt- or ft-CMT. Bacterially
expressed GST and GST-SAHH1–55 were more soluble
than GST-SAHH55–433 and GST-SAHHfl.
2.7. Lampbrush chromosome spreads
Germinal vesicle (GV) spreads were performed as
previously described [28]. Briefly, oocytes were incubated
for 12 h at 17 jC in OR-3 (Leibovitz’s L-15 medium diluted
1:1 with sterile distilled water and supplemented with 1 mM
L-glutamine, 15 mM Hepes, 50 mg/ml gentamycine, pH 7.6)
washed three times with calcium-free OR-2 (82.5 mM
NaCl, 2.5 mM KCl, 1 mM Na2HPO4, 1 mM MgCl2, 5
mM Hepes pH 7.8, 10 Ag/ml streptomycin, 10 Ag/ml
penicillin) and transferred in 5:1 medium (83 mM KCl, 17
mM NaCl, 6.5 mM Na2HPO4, 3.5 mM KH2PO4, 1 mM
MgCl2, 1 mM DDT, pH 7.0). The oocytes were opened with
forceps and single GV were transferred immediately to cold
spreading medium (21 mM KCl, 4 mM NaCl, 1.6 mM
Na2HPO4, 0.9 mM KH2PO4, 1 mM MgCl2, 10 AM CaCl2, 1
mM DDT, 0.1% formaldehyde, pH 7.0). After manual
removal of the nuclear envelope, the GV content was
transferred to gelatin-coated 8-well chamber slides (Nunc,
Naperville, IL) and centrifuged at 200 g, for 2 h. Lamp-
brush chromosome spreads were fixed with 3.7% form-
aldehyde in PBS for 30 min.
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2.8. Indirect immunofluorescent staining
Cells grown on glass slides and spreads of lampbrush
chromosomes were stained as previously described [1]. The
following antibodies were used: mAB 32-5B6 (1:200 for
cells or 1:10 for lampbrush chromosomes), mAB H5 (IgM,
1:100; BAbCO, Richmond, CA), mAB H14 (IgM, 1:20; [29]
followed by goat anti-mouse-Cy3 (1:500; Dianova, Ham-
burg, Germany) or goat anti-mouse-IgM-(A chain specific)-
DTAF (1:50; Dianova). For double immunofluorescence
staining lampbrush, chromosome spreads were incubated
successively with appropriate antibodies. Briefly, spreads
were incubated first with mAB 32-5B6 followed by goat
anti-mouse-Cy3. Subsequently, the spreads were fixed and
incubated with anti-RNA polymerase mABs (H5, H14) and
goat anti-mouse-IgM-(A chain specific)-DTAF as secondary
antibody.
2.9. Confocal and fluorescence microscopy
Images were obtained using a Zeiss Axioplan microscope
(Zeiss, Oberkochen, Germany) equipped with a Sony DXC-
950P CCD camera and analySIS 3.0 software (Soft Imaging
Systems GmbH, Muenster Germany) or by confocal laser
scanning microscopy (Leica TCS NT system, Leica, Heidel-
berg, Germany). Fluorescent signals after double staining
were recorded simultaneously at one scan using a dual
wavelength channel at 488 and 568 nm. All images were
processed using Adobe Photoshop (Adobe Systems, Edin-
burgh, UK).
3. Results
3.1. Inhibitors of SAHH decrease nuclear accumulation of
shuttling hnRNP
Shuttling hnRNPs are highly concentrated in the nuclei
of transcriptionally active cells. Inhibition of RNA synthesis
by inhibitors of transcription, however, reduces nuclear
accumulation of hnRNPs, indicating that reimport of
hnRNPs depends on continuing production of hnRNA
[30]. Because cap-methylation of pre-mRNA requires the
activity of SAHH, 2-deoxyadenosine and tubercidine, two
potent inhibitors of SAHH [3,7], reduce cap methylation
and synthesis of hnRNA [1]. We, therefore, predict that
these inhibitors of SAHH will prevent the accumulation of
hnRNA and hence, the nuclear accumulation of hnRNP.
Here, we demonstrate by indirect immunofluorescent
staining of XTC cells with mAB 10D1 that the shuttling
hnRNPs A1, B1, B2 are highly concentrated in the nuclei
(Fig. 1A). As expected, the known inhibitors of transcrip-
tion, actinomycinD and 5,6-dichloro-ribofuranosyl-benzimi-
dazole (DRB), caused an increase of the cytoplasmic
fraction of these shuttling hnRNPs (Fig. 1C,D). Inhibition
of xSAHH by tubercidine or by 2-deoxyadenosine also lead
to an increase of the cytoplasmic amount of hnRNP. Of the
two inhibitors of xSAHH, tubercidine is more potent and
consistently, cytoplasmic accumulation of the hnRNPs was
more pronounced after application of tubercidine, as com-
pared to 2-deoxyadenosine (Fig. 1E,F). With respect to
previous results showing inhibition of cap methylation and
Fig. 1. Cytoplasmic accumulation of hnRNPs after treatment of cells with inhibitors of SAHH. XTC tissue culture cells remained untreated (A) or were treated
for 4 h with 20 Ag/ml of cycloheximide (B), 10 Ag/ml of ActinomycinD (C), 0.1 mM DRB (D), 1 mM tubercidine (E), or 1 mM 2-deoxyadenosine (F), prior to
fixation followed by indirect immunofluorescent staining with mAB 10D1, an antibody binding to the hnRNPs A1, B1 and B2.
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synthesis of polyA + RNA [1], we interpret the cytoplasmic
accumulation of hnRNPs as a consequence of interfering
with cap-methylation of hnRNA by product inhibition.
Inhibition of cap methylation may interfere with transcrip-
tional elongation in viral systems [31] and reduce the
efficiency of subsequent processing steps and the stability
of mRNA (for reviews see Refs. [32–36]. Aside from cap
methyltransferase, protein methyl transferases that directly
target hnRNPs might also influence their nucleocytoplasmic
partitioning [37]. The reimport of the shuttling hnRNP
might depend on a short-lived protein whose synthesis is
obviated by trancriptional inhibition. Inhibition of trans-
lation by cycloheximide, however, did not have a visible
effect on cytoplasmic accumulation, excluding such a pos-
sibility (Fig. 1B). In parallel, the intracellular localisation of
SAHH itself was monitored by the mAB 32-5B6. None of
the inhibitors applied, however, significantly changed the
predominantly nuclear localisation of this enzyme (data not
shown). This indicates that retention of xSAHH in the
nucleus does not depend on persisting mRNA production.
Therefore, direct binding to nascent hnRNA or hnRNP is
not necessary for the nuclear translocation of xSAHH. It is
likely that xSAHH could interact with a nuclear methyl
transferase that provides the NLS.
3.2. xSAHH physically interacts with mRNA cap
methyltransferase (CMT)
The assembly of factors involved in consecutive steps of
a metabolic pathway or a cascade in a multienzyme complex
may enhance the efficiency and kinetics of multistep pro-
cesses and may further guarantee the presence of all factors
involved in stoichiometric amounts. Recently, evidence has
accumulated for the existence of transcription factories that
assemble accessory enzymes in a complex with RNA
polymerase. The phosphorylated CTD of eukaryotic RNA
polymerase II itself binds hnRNA processing factors in vitro
[15] (see Refs. [32–34] for recent reviews) and may provide
a scaffold for the cotranscriptional assembly of capping
enzymes, splicing factors and polyadenylation factors in
vivo [15,17,18,38]. Since xSAHH is required for efficient
cap-methylation of hnRNA, we performed co-immunopre-
cipitation and pull-down experiments to investigate whether
nuclear xSAHH is an integral part of the capping complex.
To assess potential interactions between xSAHH and
xCMT1 in vivo [19], myc-tagged SAHH and flag-tagged
CMT were coexpressed in Xenopus A6 cells by transient
transfection. In parallel assays, the tagged proteins were
precipitated from extracts of the cotransfected cells, either
with an anti-flag tag (Fig. 2A) or with an anti-myc tag
antibody (Fig. 2B). As shown by Western blotting, precip-
itation of the ft-CMT by the anti-flag antibody resulted in
coprecipitation of mt-SAHH (lane 1 of Fig. 2A). In order to
prove that the interaction between CMT and xSAHH is
specific, we also transfected cells with plasmids encoding
myc-tagged green fluorescent protein (mt-GFP) and ft-CMT
(lane 2 of Fig. 2A). Consistent with this observation, the
anti-myc antibody coprecipitated ft-CMT only from the cells
coexpressing mt-SAHH and not from the cells expressing
mt-GFP (lanes 1 and 2 of Fig. 2B). The fact that nucleolin
was not found in the specific complexes containing mt-
SAHH or ft-CMT proved that highly abundant nuclear
proteins were not coprecipitated (data not shown). These
data were supported by results obtained by co-immunopre-
cipitation of proteins extracted from Xenopus oocytes after
coinjection of mRNA encoding ft-CMT and mt-SAHH. This
confirms that specific interactions between CMT and SAHH
were also seen in transcriptionally active oocytes (data not
shown).
Interactions between xSAHH and xCMT1 in vitro
were shown by assays using GST-SAHH to pull-down
tagged versions of xCMT1 (Fig. 3). Both ft-CMT1 (A)
and mt-CMT1 (B) were bound by the GST-SAHH fusion
Fig. 2. Co-immunoprecipitation of mt-SAHH and ft-CMT of transfected
Xenopus A6 cells. A6 cells were transiently cotransfected with plasmids
encoding mt-SAHH and ft-CMT (lanes 1 and 3) or mt-GFP and ft-CMT
(lanes 2 and 4). Immunoprecipitation was performed with anti-ft (lanes 1
and 2 of A) or anti-mt mAB 9E10 (lanes 1 and 2 of B), both cross-linked to
protein G Sepharose, as detailed in Materials and methods. The precipitates
were separated on SDS-poly-acrylamide gradient gels. After blotting, myc-
tagged proteins were detected with mAB 9E10 (A), and flag-tagged
proteins with anti-ft (B). Aliquots of cell extracts before immunoprecipi-
tation are shown in lanes 3 and 4. Note that mt-SAHH was specifically co-
precipitated with ft-CMT (A, lane 1) and ft-CMT was co-precipitated with
mt-SAHH (B, lane 1). Despite cross-linking of the antibodies to protein G
Sepharose, some heavy chain (hc) polypeptides of the IgG are seen in lanes
1 and 2.
N. Radomski et al. / Biochimica et Biophysica Acta 1590 (2002) 93–102 97
protein but not by GST alone, indicating that binding of
xCMT1 to xSAHH was independent of the tag sequence
used.
To assess which parts of xSAHH were required for the
interaction with xCMT1, we used GST fusion proteins
containing either the 55 N-terminal amino acids or the C-
terminal amino acids 56–433 in pull-down experiments. As
shown in lanes 3 and 4 of Fig. 3B, the N-terminus interacted
with xCMT1 as efficiently as the full-length xSAHH fused
to GST. The GST alone, applied in at least 5-fold excess
over the fusion proteins, showed no significant interaction.
The C-terminal part of xSAHH, which lacked the first 55
amino acids, did not interact with xCMT1 in pull-down
experiments (Fig. 3B, lane 5).
The results of the pull-down assays, performed using
protein translated in vitro (Fig. 3), were supported by
additional experiments using extracts of transfected A6
tissue culture cells, and extracts of oocytes injected with
mRNA encoding tagged CMT (data not shown). These
observations show that xSAHH and xCMT1 interact
directly, without the requirement of cofactors such as a
scaffold provided by the CTD of RNA polymerase II.
3.3. xSAHH is highly abundant in Cajal bodies and in
B-snurposomes
The oocyte nucleus contains about 50–100 Cajal bodies
that were previously named spheres. They are found asso-
ciated to lampbrush chromosomes and at least some of them
are known to adhere to specific loci of the chromosomes
[39]. Because of their content of P80 coilin, Cajal bodies are
regarded as the oocyte-specific counterparts of the coiled
bodies of somatic cells, despite their 10–20-fold higher
diameter. Components of the matrix of the Cajal body
include p80 coilin, fibrillarin, all three classes of RNA
polymerase, snRNPs, and TFIIIA and Cajal bodies are
therefore regarded as compartments where storage, recy-
cling and reassembly of transcriptional multienzyme com-
plexes may occur (for reviews see Refs. [22,40,41]). RNA
polymerase II and factors engaged in splicing of hnRNA are
enriched in the B-snurposomes, frequently associated to or
embedded in the matrix of the Cajal bodies [22,40,41].
For staining of lampbrush chromosome spreads, two
different mABs were used, each directed to a different
hyperphosphorylated isoform of the CTD of the large
Fig. 3. xSAHH and xCMT1 interact in vitro. (A) Mt-CMT (lane 1) and ft-CMT (lane 6) were translated separately in vitro and incubated with bacterially
expressed GST (lane 2 and 4) or with a GST-SAHH fusion protein (lanes 3 and 5) coupled to GSH-Sepharose. Proteins bound to GSH-Sepharose were
analysed by Western blotting using anti-myc tag (lanes 1–3) or anti-flag tag antibodies (lanes 4–6). The input of in vitro translated ft-CMT is in lane 6. (B)
Western blot using anti-mt 9E10 to detect mt-CMT input (lane 1) and after interaction with GST (lane 2), GST-xSAHH (lane 3), GST-xSAHH1–55 (lane 4), and
GST-xSAHH56 – 433 (lane 5) in a pull-down experiment.
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subunit of RNA polymerase II. The mAB H14 recognises a
form of the CTD that is phosphorylated on serine 5, and the
mAB H5 recognises a form that is phosphorylated on serine
2, and both stained the transcriptionally active loops of
lampbrush chromosomes. In addition, the mAB H14
strongly stained the Cajal bodies and mAB H5 stained the
B-snurposomes, which were only poorly labelled by H14
(Fig. 4 and Ref. [21]).
Immunohistology showed a consistent co-localisation of
xSAHH and RNA polymerase II on the transcriptionally
active loops of lampbrush chromosomes (Fig. 4, and Ref.
[1]). To investigate on the co-localisation of xSAHH and
RNA polymerase II in other subnuclear compartments, we
stained lampbrush chromosome spreads with a combination
of mABs 32-5B6 and H14 or H5 (Fig. 4). Strong staining of
B-snurposomes by mAB 32-5B6 was revealed by double
staining with mAB H5 (arrows in Fig. 4C,D). The arrows in
Fig. 4A,B point to B-snurposomes that are stained by anti-
xSAHH (B) but not by H14 (A). In Fig. 5, staining of B-
snurposomes and Cajal bodies with mABs H5 and 32-5B6 is
shown. The mAB H5 stains the B-snurposomes more
strongly than the matrix of the Cajal body marked by an
arrowhead in Fig. 5A. This Cajal body contains a B-snurpo-
some, which also shows xSAHH staining (Fig. 5B). All
smaller particles seen in the phase contrast image in Fig. 5C
are B-snurposomes, which are stained by both H5 and 32-
5B6. In parallel experiments, Cajal bodies were identified by
staining with anti-P80 coilin and B-snurposomes by staining
with mABs Y12 [42] and SC35 [38,43] (data not shown).
The co-localisation of the H5 antigen with xSAHH in a
Cajal body is shown in more detail in Fig. 5D–F. Whereas
the mAB H5 primarily stains a B-snurposome included in
the Cajal body (Fig. 5D), xSAHH is, in addition, found in
the surrounding Cajal body, where an intriguing particulate
pattern is revealed (Fig. 5E,F). These SAHH-enriched
particles are not likely to represent small B-snurposomes,
because these should be stained by the mAB H5. Our
findings suggest that xSAHH as an integral part of a RNA
polymerase II containing transcription factory facilitates cap
methylation, and potentially other nuclear methylation reac-
Fig. 4. B-snurposomes and loops of lampbrush chromosomes contain xSAHH. Lampbrush chromosomes were spread as previously described [50] and double-
stained to detect RNA Polymerase II and xSAHH with mAB H14 and with mAB 32-5B6 (A, B), or with mAB H5 and mAB 32-5B6 (C, D). Indirect
immunofluorescence shows staining of the loops of the lampbrush chromosomes by all three mABs. B-snurposomes found attached to the lampbrush
chromosomes (arrows) are strongly stained by anti xSAHH (B, D), and by H5 (C) but only weakly by H14 (A).
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tions, and that this association persists during recycling and
storage of RNA polymerase II and its cofactors.
4. Discussion
SAHH is an essential enzyme that metabolises SAH, a
by-product of all SAM-dependent methylation reactions. In
Xenopus, xSAHH is highly abundant in the nuclei of cells
with a high transcriptional activity [13], indicating a func-
tion linked to RNA methylation. We have previously
demonstrated that inhibition of xSAHH by specific nucleo-
side analogues inhibits methylation and synthesis of pre-
mRNA [1]. Here we show an increase of shuttling hnRNP
antigens in the cytoplasm of tissue culture cells after specific
inhibition of xSAHH, very similar to the situation observed
after application of known inhibitors of hnRNA synthesis
(Fig. 1 and Ref. [30]). This observation could indicate that
successful capping is a prerequisite for efficient elongation
(see Refs. [32–36] and references therein for discussion), as
it was proposed for some viral RNA polymerases (e.g. Ref.
[31]). Alternatively, inhibition of hnRNP methylation by
inhibitors of SAHH could influence their nucleocytoplasmic
partitioning more directly [37]. Protein arginine methyl-
transferases (PRMT) specific of hnRNPs have, to our
knowledge, not yet been characterised in Xenopus.
As xSAHH has no obvious canonical NLS, we have
previously mapped the domains of the polypeptide required
for nuclear translocation. The N-terminal 21 amino acids
appeared to be essential for nuclear translocation in tran-
siently transfected tissue culture cells although this N-
terminus was not sufficient to force a h-galctosidase fusion
protein into the nucleus [1]. Furthermore, removal of the C-
terminus, which is required for tetramer formation [44], also
impaired nuclear transport.
The crystal structures of mammalian SAHH reveal tet-
ramers, with the C-termini and the NADH binding domains
pointing to the centre [4,5]. Replacement of a single lysine
residue near the C-terminus, K427, disrupted the quaternary
structure and resulted in reduced activity of the human
placental SAHH [44]. The N-terminus of each polypeptide
is at the surface of the tetramer and supposed to be free for
potential interactions with other binding partners. Trunca-
tion at the N-terminus is therefore unlikely to interfere with
tetramer formation but may prevent the interaction with
other proteins, including factors required for nuclear trans-
location and retention.
One likely candidate for such interaction is CMT, a
SAM-dependent methyltransferase which catalyses the third
step of hnRNA capping (see Ref. [45] for a recent review).
As shown by co-immunoprecipitation experiments, xSAHH
and xCMT1 are able to interact in vivo. Since the mAB 32-
5B6 cannot be used for immunoprecipitation (data not
shown), we have used N-terminally tagged versions of both
xSAHH and xCMT1 to allow efficient immunoprecipitation
and detection of the proteins. Steric hindrance by the
addition of N-terminal tags did not interfere with the
specific interaction between xSAHH and xCMT1. Further-
Fig. 5. xSAHH in Cajal bodies. Double staining of Cajal body and snRNPs with mAB H5 for RNA polymerase II (A, D, F) and with mAB 32-5B6 for xSAHH
(B, E, F). Phase contrast of A, B is shown in C. Panel F merges D and E. Arrowheads in A and B show Cajal body. All other smaller particles seen in C are
apparently snRNPs stained by both anti RNA polymerase II (A) and anti xSAHH (B).
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more, a different tag was part of the GST fusion proteins
used for pull-down experiments, which strongly suggest a
direct interaction between xSAHH and xCMT1. The 55 N-
terminal amino acids of xSAHH were sufficient to bind to
xCMT1, whereas the remaining 378 C-terminal amino acids
did not interact (Fig. 3B). Since xCMT1 contains a putative
bipartite NLS (amino acids 53–67), cotransport after bind-
ing to xCMT1 is one potential mechanism of nuclear
translocation of xSAHH. This also explains the lack of
nuclear translocation of xSAHH lacking the N-terminus [1].
To address the question of whether xSAHH forms an
integral part of a transcription factory assembled by RNA
polymerase II, we performed immunohistological studies.
Direct binding of xSAHH to xCMT1 could mediate an
association of xSAHH to the active polymerase II holoen-
zyme because capping enzymes including CMT were pre-
viously shown to bind to the phosphorylated CTD of the
large subunit of RNA polymerase II in mammalian cells and
in yeast [15,16]. In yeast, capping enzymes transiently bind
to forms of the CTD phosphorylated on serine 5, whereas
the cap methyl transferase remains associated with the CTD
during elongation while the phosphorylation is on serine 2
rather than on serine 5 [17,18].
The amphibian oocyte provides an excellent system for
studying the subnuclear localisation of RNA polymerases
and other components of the transcription and processing
complexes. Spreads of lampbrush chromosomes allow the
localisation of transcriptionally active RNA polymerase II,
splicing factors, and hnRNPs even at the level of light
microscopy [21,40,41]. While not engaged in transcription,
components of the transcription factories appear to be stored
in Cajal bodies and in B-snurposomes. Aside from the
fraction of RNA polymerase II engaged in transcription on
the maximally active lampbrush chromosomes, the oocyte
nucleus harbours a store of the hypophosphorylated enzyme
not engaged in transcription [46], and this could, at least in
part, be localised in B-snurposomes and in Cajal bodies. Our
immunohistological results on xSAHH (Figs. 4 and 5)
support the hypothesis that the components of transcription
factories do not only assemble on actively transcribed
chromosomes but also persist during storage and recycling
as multienzyme complexes in Cajal bodies and B-snurpo-
somes (for reviews see Refs. [22,40,41]). Such a strategy
has to be regarded as particularly important in the amphib-
ian oocyte, where only four times the haploid set of
chromosomes provide the templates for the production of
pre-mRNA at maximal rate. Furthermore, these chromo-
somes are harboured in a nucleus of a volume corresponding
to about 50,000-fold the volume of a somatic nucleus. The
well-known association of Cajal bodies to specific chromo-
some loci [39] and furthermore an association of B-snurpo-
somes to the lampbrush chromosomes should therefore
greatly facilitate the proportionate reassembly of all essen-
tial factors into an actively transcribing holoenzyme com-
plex. Our results suggest that the enzyme xSAHH
complements the stored and active forms of the transcription
factory and that xCMT1 provides an anchor that links
xSAHH to RNA polymerase II.
Recently, protein arginine methylation on RG-rich motifs
of SmD1 and Smd3 have been shown to stimulate the
interaction of these proteins with the SMN protein, the
product of the spinal motor neuron survival gene, in the
process of snRNP biogenesis in mammalian cells [47]. An
interaction of the RG-rich region of murine p80 coilin with
the SMN protein was also demonstrated and coilin, SMN,
and Sm proteins co-localise in the Cajal bodies of trans-
fected mouse cells [48]. Future work will show, whether a
fraction of SAHH within the Cajal bodies (Fig. 5) could be
associated to other SAM-dependent methyl transferases, e.g.
the protein arginine methyl transferases involved in the
biogenesis of snRNPs [47,48]. It will therefore be interest-
ing to learn whether SAHH also physically interacts with
nuclear protein methyltransferases involved in RNA metab-
olism [32–36] and modification of chromosomal proteins
[37,49].
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